highlighted by a recent survey of US CF center directors, who identified MRSA as one of their top research priorities (Preston W. Campbell III, MD, Cystic Fibrosis Foundation, written communication, March 2010).
For these reasons we sought to address the association between MRSA and survival in CF. Since the time between infection and death due to lung disease in CF can be decades, observational studies with long periods of follow-up are well suited to evaluate this association. Therefore, we used the US Cystic Fibrosis Foundation Patient Registry (CFFPR) to test the hypothesis that CF patients who have a respiratory tract culture positive for MRSA have worse survival than CF patients who do not have a positive culture for MRSA.
METHODS
The CFFPR contains demographic and clinical data collected at centers accredited by the Cystic Fibrosis Foundation using a standardized data collection form. 2 It captures 92% to 97% of CF deaths reported in the US Vital Statistics. 7 The CFFPR added a specific field to record the presence or absence of respiratory tract MRSA in 1996. The Cystic Fibrosis Foundation recommends that a complete microbiologic assessment of respiratory cultures obtained from sputum, throat swab, and/or bronchoalveolar lavage fluid be performed at least on an annual basis and preferably on a quarterly basis. 8 The presence or absence of organisms was reported annually from 1994 through 1997, quarterly from 1998 through 2002, and at each encounter since 2003. The microbiology laboratories at accredited centers use standardized protocols to recover and identify CF pathogens and are monitored by site visits by the Cystic Fibrosis Foundation. 9 Patients undergo passive follow-up.
The study design was a cohort study using longitudinal data from the CFFPR to compare patients positive for new respiratory cultures with MRSA with those who never had MRSA detected. Patients entered the study between January 1, 1996, and December 31, 2006, and were followed up until December 31, 2008. We excluded anyone younger than 6 years (unreliable pulmonary function data) and anyone older than 45 years (milder phenotype not representative of the CF population in general). Participants who had MRSA detected during their first 2 years of data collection or those who did not have at least 2 respiratory cultures and 2 years of observation were excluded.
We performed a descriptive analysis with calculation of means, standard deviations, and medians for continuous variables, and bivariate analyses were conducted using t tests. Categorical variables were measured using proportions and were compared using 2 tests. For the baseline characteristics, at least a 5% difference in percent predicted forced expiratory volume in the first second of expiration (FEV 1 ) and at least a 0.5 difference in cultures, acute exacerbations, and outpatient visits between groups were considered clinically significant, regardless of statistical significance. Survival was assessed by the Kaplan-Meier product limit estimator and the log-rank test.
Cox regression models with timevarying covariates were used to account for possible differences between survival patterns that may be due to imbalances in severity of illness between the 2 groups. 10, 11 Examination of Schoenfeld residuals showed that the assumption of proportionality of hazards was reasonable. 12 The primary outcome was the time from the age at entry into the cohort until age at death from any cause. In the cohort, 87% of deaths were related to cardiorespiratory failure; therefore, subgroup analyses investigating other etiologies of death were not performed. We used age as the time scale to minimize bias. 13, 14 Time at risk for the cohort began at age 7 years (because of inclusion/ exclusion criteria, no patients could be observed prior to this age). To account for delayed entry into the study (ie, left-truncated data), the time at risk for an individual patient began at the age when he or she entered the cohort. For example, if a patient entered the cohort at age 15 years, the time from ages 7 to 15 years would be omitted. The 2-year observation period was not included in the analysis because no patient could have detectable MRSA during this time. Patients were censored at their last age at follow-up in 2008 (ie, right-censored data) and if they underwent organ transplantation (n=1401) or were lost to follow-up (n= 1507).
Adjustments for clinical characteristics known to influence survival that may affect the relationship between respiratory tract MRSA and survival were performed. The models were constructed using confounders known to be associated with decreased survival. The confounders were identified a priori from clinical experience and a review of the literature; stepwise regression was not used. The covariates MRSA, P aeruginosa, and B cepacia complex were time-varying covariates and were recorded annually as present or absent. If respiratory culture results were missing in the year of death, then the culture result from the previous year was used. The following variables varied with time: (1) mean recorded value of FEV 1 percent predicted in each year, calculated according to reference equations 15, 16 ; (2) However, in a 1-year lagged analysis, the death would instead be associated with the MRSA-negative group. None of the other variables besides MRSA status were lagged in the analysis. The competing risks of lung transplant were assessed by changing the definition for the primary outcome to death or lung transplant (from the original primary outcome of death); the hazard ratios (HRs) were unchanged from the main analysis.
Because age was used as the time scale, we also wanted to evaluate whether lefttruncated data (delayed entry) introduced bias into the results, so 2 separate analyses were undertaken using both calendar and follow-up time as the time scale. Both of these analyses resulted in a similar adjusted HR when compared with the main analysis (HR, 1.28; 95% confidence interval [CI], 1.12-1.46, and HR, 1.25; 95% CI, 1.09-1.42, respectively). To address bias from missing data (assumed missing at random), 2 additional methods were performed: last observation carried forward and the multivariate imputation by chained equations method of multiple imputation in Stata (5 data sets were imputed and analyzed). 19, 20 Finally, analyses for center effect and adjustments for exacerbations, mucoid P aeruginosa, weight, and height did not change the results; therefore, the main analysis is presented.
Statistical significance was defined as a 2-tailed ␣Ͻ.05. There was greater than 80% power to detect what we considered a clinically meaningful HR in the MRSA group that was 1.2 times greater than the HR in those without MRSA, assuming a sample size of 20 000 patients with an overall mortality rate of 13% during the study period. We performed analyses using Stata version 10.0 (StataCorp, College Station, Texas).
Patients in the CFFPR (or guardians for minors) give informed consent permitting their deidentified records to be used for research purposes. The study was reviewed and approved by the institutional review board at Johns Hopkins School of Medicine and the Cystic Fibrosis Foundation.
RESULTS
Between 1996 and 2008, 30 658 individuals with CF aged 6 to 45 years entered the CFFPR. To be confident that the study cohort captured new respiratory cultures positive for MRSA, individuals were excluded if they had MRSA in the first 2 years of observation (n=1712), less than 2 years of observation in the cohort (n=4971), fewer than 2 cultures in the first 2 years (n=3666), or no cultures or FEV 1 measurements during follow-up (n=476) (FIGURE 1). Thus, the study cohort comprised 19 833 individuals. During 137 819 patient-years of observation (median, 7.3 years/patient), there were 2537 deaths, and 5759 individuals had respiratory tract MRSA detected. The mean ages at entry and exit were 15.4 years (95% CI, 15.3-15.5) and 22.6 years (95% CI, 22.5-22.8), respectively. The median estimated survival age was 35.9 years (interquartile range [IQR], 25.4-52.5), and the median age at death was 24.7 years (IQR, 19.6-32.1).
Baseline characteristics between those who never had a culture positive for MRSA and those who would go on to have a culture positive for MRSA are described in 
Log-rank test, P<.001
Median survival time is 6.2 years shorter in the group who had respiratory tract cultures positive for methicillinresistant Staphylococcus aureus (MRSA). Age was used as the time scale. The at-risk period began at age 7 years; time at risk for an individual patient began at the age he or she entered the cohort. The table of numbers at risk reflects late entries. The median time at risk was 7.3 years (interquartile range, 3.9-10.3 years). The results for a priori subgroup and sensitivity analyses are in TABLE 3. The adjusted HR when MRSA was lagged 1 year was 1.54 (95% CI, 1.28-1.85). Similar results were found when MRSA was lagged 2 years (HR, 1.51; 95% CI, 1.24-1.82) and 3 years (HR, 1.44; 95% CI, 1.18-1.76). In addition, MRSA was associated with an increased risk of death when compared with MSSA (adjusted HR, 1.79; 95% CI, 1.51-2.12), and in comparisons of MRSA patients who never co-cultured P aeruginosa with those who were MRSA negative and P aeruginosa negative (adjusted HR, 1.96; 95% CI, 1.27-3.04), and patients who always had MRSA detected with those who were always MRSA negative (adjusted HR, 1.96; 95% CI, 1.38-2.79). Among individuals who ever had MRSA detected, HRs between those who cleared MRSA (n = 1928) were compared with patients who had MRSA persistently detected (2 or more years with MRSA, n=3831). The adjusted HR of those with persistent MRSA compared with those who had MRSA on only 1 culture was 1.31 (95% CI, 1.07-1.60). There was no difference in the adjusted HR between patients who cleared MRSA and those who were always MRSA negative (HR, 0.99; 95% CI, 0.83-1.18).
Based on the results of our previous study using the CFFPR to determine the association between persistent MRSA detection and lung function decline, which suggested a lack of a relationship between MRSA and rate of FEV 1 decline in individuals with CF older than 22 years, 5 we separately explored the relationship of MRSA on survival in adults. The adjusted HR in those older than 22 years was 1.37 (95% CI, 1.16-1.61). Finally, the association between MRSA and mortality from 1996 through 2002 (adjusted HR, 1.37; 95% CI, 1.04-1.82) was greater than the risk of death from 2003 to 2008 (adjusted HR, 1.24; 95% CI, 1.07-1.44), although this was not statistically significant (P =.19).
In the study cohort, there were patients who had missing data or gaps in observation or were lost to follow-up. Data were not missing for pancreatic status, sex, SES, and calendar year. There were missing data for cultures (MRSA, P aeruginosa, and B cepacia complex, 4.4% each), CF-related diabetes (1.0%), and FEV 1 (2.5%). We performed 3 analyses to address potential bias from missing data (assumed at random), none of which changed the main results: (1) excluding all patients with missing respiratory cultures at the time of death (adjusted HR, MRSA, 1.30; 95% CI, 1.13-1.49) (2) imputing missing data using the last observation carried forward (adjusted HR, 1.28; 95% CI, 1.15-1.42), and (3) performing multiple imputation using multivariate imputation by chained equations (adjusted HR, 1.27; 95% CI, 1.13-1.43).
During follow-up, there were 5340 patient-years that were not observed (patients left the cohort for a year and then re-entered). These gaps in observation did not contribute to the time at risk. During this study, 184 patients in the MRSA group (3.2%) were lost to follow-up (ie, did not die, were not censored due to lung transplantation, or did not end follow-up in 2008); 9.4% were lost to follow-up in the MRSAnegative group (n=1323).
COMMENT
We performed a survival analysis on 19 833 patients with CF to determine whether MRSA is associated with shortened survival. The most important finding from this study was that detection of MRSA in the respiratory tract of CF individuals, even in the most conservative analyses controlling for factors associated with severity of illness, was associated with a risk of death that was 1.27 times that of individuals who never had MRSA detected. In CF patients with MRSA, one-third of the attributable risk of death may be associated with the presence of MRSA. These findings suggest that MRSA may be a potentially modifiable risk factor for death in CF.
The question arises as to whether MRSA is independently contributing to worse survival or a marker of disease severity. By Kaplan-Meier analysis, the unadjusted impact of MRSA on survival is a life span that is a median 6.2 years shorter in those with MRSA than those without (Figure 2 ). However, because Kaplan-Meier estimations do not account for multiple confounders that influence survival, we used Cox regression models with time-varying covariates to adjust for factors known to be associated with worse survival. Even after these adjustments, MRSA remained an independent risk factor for death. This finding was further strengthened by the robustness of the results of several sensitivity analyses. Because the study cohort included 19 833 patients (5759 with MRSA), there were adequate numbers of pa- tients to perform several sensitivity analyses adjusted for confounders (Table 3) .
Our a priori sensitivity analyses also support the idea that MRSA is an independent contributor to worse survival in CF and not just a marker of severity. In our analysis, detection of MRSA was associated with worse outcomes in CF compared with MSSA; individuals with MRSA were 1.79 times more likely to die than those with MSSA. This finding is consistent with our previous FEV 1 data showing more rapid decline in individuals with MRSA compared with MSSA 5 and suggests that further studies are needed to investigate associations between virulence factors in CF MRSA strains and exacerbation of CF lung disease.
Additionally, the decreased survival associated with MRSA is not due to MRSA being more commonly linked with P aeruginosa infection. There is a significant increase in the adjusted HR even in MRSA-positive CF patients who never have a positive culture for P aeruginosa.
Time-lagged analyses of our results also suggest that MRSA is an independent risk factor for death and not just an "end-of life" marker. There is a risk that MRSA could falsely appear to be associated with worse survival because hospitalizations and antibiotic courses, known risk factors for MRSA in non-CF populations, occur more frequently during a CF patient's last year of life and increase the risk of MRSA acquisition. However, if MRSA is simply appearing as a marker of the end of life, one would expect the increased risk of death to be significantly reduced by a time-lagged analysis. In the 1-year lagged model, the adjusted HR associated with MRSA was 1.54 times the HR of those who were MRSA negative. This increased hazard remained consistent whether MRSA was present 1, 2, or 3 years before death.
Another analysis supporting the idea that MRSA is an independent contributor to worse survival in CF and not a marker of severity is that transient MRSA detection that clears within 1 year is not associated with an increased risk of death. If MRSA is only a marker of severity, those individuals who have MRSA but subsequently clear the organism should also have an increased risk of death (because MRSA would not be responsible for the increased risk of death, but only a marker of the general severity of illness of the patient). We found the opposite: CF individuals who clear MRSA within 1 year have the same risk of death as those who never have a positive culture for MRSA, while those who persistently test positive for MRSA (2 or more years with MRSA detected) have a significantly increased risk of death.
Finally, persistence of MRSA in respiratory cultures is associated with an increased risk of death. When individuals in the study cohort who always had MRSA detected are compared with those who never had MRSA detected, the risk of death was significantly increased, with those always MRSA positive being almost 2 times as likely to die. All of these analyses suggest that MRSA is more than a marker of severity and may be a potentially modifiable risk factor for death.
In addition to sensitivity analyses, several subgroup analyses were performed. We found that MRSA increases mortality risk in both children and adults with CF, in contrast to our previous findings that MRSA increases rate of decline of FEV 1 only in children with CF. This is consistent with the observation that rate of decrease in FEV 1 significantly slows at lower FEV 1 and does not demonstrate as much dynamic change with exacerbations. This observation has been previously reported as the primary finding in an analysis of the Epidemiologic Study of Cystic Fibrosis database 21 and is seen in the practice of many CF centers that rely on symptoms more than FEV 1 when making treatment decisions in severe CF lung disease. The association between MRSA and the clinical status of CF adults with lower FEV 1 is likely better reflected by end points such as exacerbations and mortality than by rate of decline in FEV 1 and may explain the contrast in findings for adults between our previous FEV 1 and current mortality analysis.
In the subgroup analysis exploring the temporal association between MRSA and mortality, there was a trend toward a higher risk of death in the years 1996 through 2002 compared with 2003 through 2008. There were significant improvements in models of care over that time period, which might explain the trend toward an improvement in mortality. One other possible contributor is that since the early 2000s, there has been increasing concern about MRSA as a pathogen and availability of new oral MRSA therapy, which may have made practitioners more likely to treat MRSA. Unfortunately, treatment data for MRSA is not available in the CFFPR, and this hypothesis will need to be examined in future studies.
Although this study demonstrates a clear association between MRSA and worse survival in individuals with CF, epidemiologic studies can be affected by a number of biases that may influence results. First, misclassification of individuals within the study cohort is a risk. The strict inclusion and exclusion criteria limited initial misclassification bias by requiring multiple MRSAnegative cultures over a 2-year period prior to entering the cohort. However, if misclassification bias is present and sicker MRSA patients are mixed with the MRSA-negative group, the result would be to minimize and potentially underestimate the association between MRSA and mortality.
Second, sampling bias can result in an apparent increased association between survival and MRSA, because sicker individuals may have more cultures and thus be more likely to have MRSA detected. This is unlikely a significant factor in the study because the difference in the number of cultures between the groups was similar at baseline, and during follow-up there was only a small difference (median, 1 culture/year). Furthermore, an analysis including the number of cultures as a variable did not change the results (adjusted HR, 1.33; 95% CI, 1.15-
